Abstract The thin extracellular matrix that is found basally in epithelial and endothelial cells and around smooth muscle, peripheral nerves, and fat cells is known as the basement membrane.
Introduction
The extracellular matrix (ECM) forms outside of the cells and serves as a ''glue'' to hold cells together in tissues. Various types of ECM have been identified that are tissuespecific. These matrices are generally composed to collagens, proteoglycans, and glycoproteins. The basement membrane matrix is a specialized ECM found in contact with epithelial, endothelial, smooth muscle, peripheral nerve, and fat cells. It is primarily composed of collagen IV, heparan sulfate proteoglycan, laminins, and various growth factors [1] . In an attempt to characterize the interactions of these components, a crude guanidine extract was made from a murine tumor rich in basement and this extract was found to gel into structures similar to the native basement membrane matrix at the electron microscopy level [2] . Three-dimensional (3D) culture of cells and explants on this gelled basement membrane matrix (Matrigel) has defined the role of the basement membrane in & Hynda K. Kleinman hyndakk@gmail.com tissue development, maintenance, and disease [3] [4] [5] [6] ( Fig. 1 ).
Matrigel promotes cell differentiation and explant outgrowth/differentiation
On tissue culture plastic, most cells rapidly grow in monolayer. Type I collagen coatings and gels have been found to promote the differentiation of some cells, such as muscle and hepatocytes [7, 8] . On Matrigel, the differentiation of these cells and many others is more advanced. On Matrigel, non-malignant cells do not grow but rather differentiate into their respective phenotypes [6] . For example, salivary gland cells form acini, cardiomyocytes aggregate and begin beating, breast epithelial cells form spherical structures and secrete milk into their lumen, etc. [6, [9] [10] [11] . Explants also differentiate with aortic rings sprouting blood vessels, spinal ganglia explants have neurite outgrowth with Schwann cells producing myelin, salivary gland rudiments form ducts and acini, etc. [12] [13] [14] .
Assay development with Matrigel
Since many different cell types differentiate when grown in or plated on Matrigel in vitro, various assays using Matrigel have been developed (Table 1) . In suspension culture with Matrigel, tumor cells grow and form spheroid structures that have been used to test different therapeutic agents as well as genes important in malignancy [3, 11] . Furthermore, when these spheroids are subsequently plated on Matrigel, the invasive nature of the cells can be determined by the sprouting/invasive behavior of the cells [1] . A dormancy assay has also been developed as dormant cells will not grow on Matrigel but will grow on tissue culture plastic [15] . This lack of a growth response on Matrigel can be used to identify and even isolate dormant cells. The factors that maintain cells in a dormant state and those that trigger emergence have been studied in this model. Metastatic tumor cells generally cross a basement membrane matrix during invasion into tissues and into the blood stream. An assay using Matrigel as a barrier has provided a quantitative, reliable, and quick method for testing the invasive nature of cells, and for determining factors that either inhibit or promote invasion [16] . This Matrigel invasion assay has been in use for more than 30 years and can also be used to select for highly malignant or low malignant cells as well as identify genes important in invasion [17] . Many of these in vitro assays with tumor cells are performed under hypoxic conditions in low glucose to mimic the in vivo tumor microenvironment, and the findings differ in some cases from that found with normoxia. The relationship between different cells in the tumor microenvironment can also be identified using these in vitro assays in co-culture or tri-culture [1, 18] . Matrigel also promotes the take and growth of tumor cells and tumor biopsy specimens allowing for animal models to study therapeutics [19, 20] . Non-malignant cells and tissue explants plated on Matrigel have also been used as assays for development. For example, aortic rings when plated on Matrigel develop sprouts of blood vessels in a simple ex vivo assay that can be used to define various promoters or inhibitors of angiogenesis [12] . Highly selected single stem cells have been found to grow and differentiate into organoids when plated on Matrigel [21] . Such recapitulation of development allows for studying genes important in normal [5] development as well as providing potential replacement tissue for in vivo implantation. Endothelial cells on Matrigel form tubules [5, 22, 23] . This quick, quantitative, reliable, and easy assay has been used for more than 40 years. The ''tube assay'' has been used to define angiogenic and anti-angiogenic factors and genes important in angiogenesis. It has also been used to study tumor cell migration along vessel structures [24, 25] . This assay has been used to identify a gene, thymosin beta 4, important in tissue repair and regeneration [26] .
Identification of thymosin beta 4, a gene upregulated during endothelial tube formation on Matrigel: animal studies Thymosin beta 4 was identified as a gene upregulated at 4 h after endothelial cells were plated on Matrigel [26] . It contains 43 amino acids, is found in both body fluids and cells, and has multiple biological activities (Table 2) with cells in vitro and in animal models of tissue injury and disease in vivo [27, 28] . Thymosin beta 4 is a regenerative, multifunctional protein. Besides promoting tube formation in vitro as demonstrated by exogenous addition, gene overexpression, and SiRNA, thymosin beta 4 also promoted angiogenesis in vivo in various assays, including the Matrigel plug assay. It was then shown to promote dermal healing in normal mice and rats, steroid-treated rats (impaired healing model), diabetic mice, and aged mice [29] . Thymosin beta 4 reduced the level of myofibroblasts and allowed for better organization of the collagen I fibers [30] . It also promoted the healing of dermal rodent burns and promoted skin flap attachment [31, 32] . These studies provided the scientific rationale for testing in human dermal injuries as described below.
Thymosin beta 4 also promoted ocular healing in various rodent injury models [33, 34] . It inhibited inflammation by various mechanisms, including reducing inflammatory mediators, decreasing neutrophil infiltration, and decreasing NF-KappaB activation. Laminin-332, a molecule important in cell migration and cell-cell and cell-matrix interactions, was increased by thymosin beta 4. It is important to note that no increase in blood vessel formation was observed in the eye. Additionally, in a rodent model of dry eye, thymosin beta 4 increased the number of goblet cells, mucin production, corneal integrity, and tears and decreased 17 inflammatory mediators and the wound area [35] . These studies demonstrate not only the rationale for using thymosin beta 4 in a clinical trial of dry eye but also demonstrate some of the repair mechanisms involved.
Various additional animal studies found that systemically injected thymosin beta 4 healed and regenerated injured tissue in the heart (ligation ischemia and reperfusion injury), lung (fibrosis), brain (traumatic brain injury, multiple sclerosis, and stroke), peripheral nerves (neuropathy), kidney (fibrosis), liver (fibrosis), etc. In some cases (cardiac repair), only one injection was required, while multiple injections given every 3 days were needed for other organs [27, 28] . Similar mechanisms involving reduced inflammation and apoptosis, cytoprotection, angiogenesis, stem cell recruitment, and cell migration were important in the tissue repair/regeneration observed in these studies.
Thymosin beta 4 clinical trials
Over 1200 patients have been involved in clinical trials with thymosin beta 4 ( Table 3 ) [36 and unpublished] . Safety studies with a topical dermal gel and an injectable formulation have not identified any safety issues. This finding is consistent with all of the toxicology and safety studies done preclinically in animals. Thymosin beta 4 was tested in three dermal phase 2 trials for venous stasis ulcers (poor leg circulation), pressure ulcers (bed sores), and epidermolysis bullosa (a gene disease involving skin blistering). In all cases, there were no safety issues, and there was a trend toward better and faster healing in the treated groups than that in the placebo group. Additional clinical trials for epidermolysis bullosa are planned for the near future.
Thymosin beta 4 has shown efficacy for healing the eye in 4 ocular trials for severe dry eye (phase 2) and for moderate to severe dry eye (phases 2, 2b/3, and 3) (Table 3) [37, 38, and unpublished] . It promoted the healing of the injured ocular surface and improved the comfort of the patients. No safety issues were found, and the treatment had a drop comfort similar to artificial tears. Another trial (phase 3) is planned to obtain drug approval. A phase 3 trial for a rare ocular disease, neurotrophic keratitis, is ongoing.
Summary and future directions
Matrigel has unexpected wide uses (over 11,000 citations in PubMed) for studying cell differentiation and cancer cell behavior. Cells and explants plated on Matrigel have the tissue-specific expected in vivo morphology and gene expression. Mechanisms of these processes can now be probed and identified in vitro. Matrigel has allowed for various models and assays for identifying factors and genes that affect these processes [1] . One regulatory gene, thymosin beta 4, identified using the endothelial cell tube formation assay was found to have many reparative and regenerative activities [27, 28] . Clinical trials demonstrated its safety and efficacy in patients with dermal and ocular injuries [29] .
Preliminary studies with Matrigel on in vivo repair in animal models predict that once a human equivalent is prepared, it may have use for tissue repair (such as spinal cord and heart injury), tissue/organoid transplantation, tissue scaffolds, stem cell transplantation, etc. [39] . Mixed scaffolds of alginate: Matrigel have already shown promise for tissue engineering and it is likely that other combinations with Matrigel will be developed. It is also anticipated that new assays will be developed and existing assays will Outcomes all demonstrated safety and tolerability as well as efficacy trends and, in many cases, significant efficacy have additional uses. The recent use of neurospheres grown in Matrigel for testing Zika virus inhibition of brain cell growth is an example of the potential of the present and future assays using Matrigel [40] . Clinical trials with thymosin beta in the eye and skin showed its safety, tolerability, and efficacy. There are considerable other tissue injuries (brain, spinal cord, heart, liver, lung, etc.) with extensive preclinical efficacy shown in animal models. Such studies suggest that thymosin beta 4 may have additional uses in the clinic for various injuries [27, 28] . There is a lot of excitement now on the regenerative properties of stem cells, but most studies show that the cells themselves do not remain in the tissue and replace the damaged cells but rather secrete factors that recruit endogenous tissue stem cells. Thymosin beta 4 is likely one of those important secreted regenerative factors. Studies in heart damage have shown that stem cells with silenced thymosin beta 4 are ineffective in repairing heart damage, while control stem cells can repair heart damage [41] . Further studies are needed, but it is possible that risky and costly stem cell transplants may be replaced with injected thymosin beta 4.
